We have developed a system for virus particle quantitation based on the measurement of the optical absorbance of stained viruses which first have been banded at their buoyant density in an equilibrium 24 to 53% (wt/wt) sucrose density gradient, then fixed in position in the gradient by photopolymerizing an acrylamide-riboflavin mixture in the sucrose, and finally stained and destained. Using plasma from mice infected with leukemia virus (Rauscher) or chickens infected with avian myeloblastosis virus (BAI strain) or suitable controls, we have shown that this technique specifically detects RNA tumor viruses. By using virus stock solutions for which the absolute concentrations were determined by laser beat frequency spectroscopy, we have calibrated the absorbance of the viral bands in terms of virus particle concentration. Using 0.8-ml gradients gels (4 by 45 mm) we can detect as low as 2 x 107 viral particles with Coomassie blue staining and 6 x 106 viral particles with a more sensitive staining procedure using amido black.
We have developed a system for virus particle quantitation based on the measurement of the optical absorbance of stained viruses which first have been banded at their buoyant density in an equilibrium 24 to 53% (wt/wt) sucrose density gradient, then fixed in position in the gradient by photopolymerizing an acrylamide-riboflavin mixture in the sucrose, and finally stained and destained. Using plasma from mice infected with leukemia virus (Rauscher) or chickens infected with avian myeloblastosis virus (BAI strain) or suitable controls, we have shown that this technique specifically detects RNA tumor viruses. By using virus stock solutions for which the absolute concentrations were determined by laser beat frequency spectroscopy, we have calibrated the absorbance of the viral bands in terms of virus particle concentration. Using 0.8-ml gradients gels (4 by 45 mm) we can detect as low as 2 x 107 viral particles with Coomassie blue staining and 6 x 106 viral particles with a more sensitive staining procedure using amido black.
The purpose of this paper is to demonstrate a fast and simple quantitative assay for RNA tumor virus particles present in either purified or nonpurified virus preparations. A number of assays for such viruses are in common use, but they have disadvantages for quantitative applications. Infectivity assays, although necessary to measure the biological activity of viruses, are time-consuming (1 week to 12 months) and usually cannot be analyzed in terms of the number of virus particles in the sample (1, 8) . Assays for incorporation of radioactive uridine into particles that band at a density of 1.15 to 1.18 in sucrose are useful as a relative measure of virus production (11) , but they require that the virus be grown in tissue culture (a condition that frequently cannot be met) and presume that uridine incorporation into viral particles is linear over the iabeling period. Radioimmunoassays or immunofluorescent assays are very sensitive and very specific tests for known viruses, but the absolute number of virions cannot be obtained easily and, to make antisera, milligram quantities of homogeneous viral-specific protein are required to serve as the antigen (18) . Assay for RNA-directed DNA polymerase (reverse transcriptase) activity is a fast, sensitive, and specific test for all oncornaviruses. However, as we have shown (9) , such enzymatic assays applied to preparations of virus can be inhibited by various agents and cannot be correlated directly with the number of viral particles. We have shown, for example, that the reverse transcriptase activity per virion of avian myeloblastosis virus (AMV) is about 24 times higher than that of murine leukemia virus (MuLV, Rauscher) (unpublished data). Finally, electron microscope counting methods are time-consuming and require careful discernment of viral particles from cell debris (12) .
Because of such problems, we investigated alternative physical methods for determining the number of virus particles present in a solution. Previously we demonstrated that laser beat frequency light scattering spectroscopy can be used to determine not only the diameter but also the number of viral particles in a purified sample (14) . Here we describe a method for determining the number of viral particles in a preparation, using the optical absorbance of stained virus particles which have been banded at their characteristic buoyant density in sucrose and spatially immobilized by photopolymerizing an acrylamide-riboflavin mixture. Other workers have used this technique to immobilize proteins after centrifugation in a sucrose density gradient (7, 13, 19) , to immobilize DNA in a cesium chloride gradient (4, 6) , and to immobilize bacteriophage after isopycnic centrifugation (20 (wt/wt) sucrose in 0.005 M phosphate buffer (pH 7.0); and solution E was 65% (wt/wt) sucrose in 0.005 M phosphate buffer (pH 7.0). Just before the gradients were made solution I (0.32 ml of solution A, 0.45 ml of solution B, 0.15 ml of solution C, and 2.22 ml of solution D) and solution II (0.32 ml of solution A, 0.45 ml of solution B, 0.15 ml of solution C, and 2.22 ml of solution E) were prepared, and 0.4 ml of solution I and II were added to a gradient maker similar in design to that described by Bock and Ling (2) to produce 0.8-ml linear gradients. We constructed a mixing device from two 1-ml plastic tuberculin syringe barrels (BectonDickinson no. 5602) connected with an 18-gauge syringe needle which was held in place with epoxy cement. The outlet port was a 25-gauge needle. Mixing was achieved using a Buchler vibration-type stirrer assembly fitted with a 20-gauge rod. Gradient formation was controlled using a Holter roller pump (model 911, Extracorporeal Medical Specialties, King of Prussia, Pa.) set to deliver approximately 12 ml/h. Using this equipment linear gradients of the range 24 to 53% (wt/wt) sucrose (as determined from refractive index measurements on a fractionated gradient) were generated using stock solutions I and II. To reproducibly generate such small gradients, we have found that it is convenient to make gradients of 0.8 ml and then remove a volume (0.1 ml or less) from the top of the gradient equal to the volume of the sample to be applied.
Virus preparation. AMV (BAI strain) and MuLV (Rauscher) in plasma citrate were generously supplied by Joseph and Dorothy Beard and University Laboratories, respectively, through the cooperation of the Virus Cancer Program of the National Cancer Institute. The virus samples were purified by discontinuous sucrose-gradient centrifugation as previously described (14) . After purification, the virus samples were dialyzed overnight against three changes of 0.005 ionic strength NaH,PO3-K,HPO4 buffer, pH 7.0, with the last change containing 0.02% (wt/vol) sodium azide to prevent bacterial growth. Prior to quantitation by laser light scattering, the samples were centrifuged at 19,600 x g (12 min) to remove any aggregated material and dust.
Normal plasma preparations. Normal (i.e., nonviremic) mouse and chicken plasma citrate was prepared by making a 1:1 dilution of plasma with 0.306 M sodium citrate (pH 7.0).
Gradient centrifugation and polymerization techniques. To maintain a uniform height, the sample to be applied was made polymerizable by mixing it with solutions A, B, and C, described above (71:10:14:5 volume percent, respectively) and handled under the same conditions described for the gradient components. Calibrated density beads (Reproductive Systems, Inc., Menlo Park, Calif.) were added as markers for the 1.16 density region in the gradient. The gradient was then centrifuged (Spinco SW50.1 rotor with adapters [Beckman no. 305527], 149,000 x g for 2.5 h at 4 C). The tubes were then removed and photopolymerized by direct exposure to two daylight 40-W fluorescent lamps for about 1 h. The polymerized gels were removed by piercing the cellulose nitrate tubes with a syringe needle and extruding the gel by forcing water through the syringe.
Staining. The virus bands were stained with either Coomassie blue R250 or amido black, the later being more sensitive because of a higher optical extinction coefficient. Coomassie blue staining was carried out by immersing the gels overnight in a 2% (wt/vol) solution of Coomassie blue in water. Gels were destained using several changes of an ethanol-acetic acid-water solution (30:5:65 volume percent) and then were stored in 7% acetic acid. Because the virus was locked into the gel matrix by the polymerization of the 7% acrylamide mixture, fixatives were not used. Since the band intensities of Coomassie blue-stained proteins are known to fade with time after staining (3), we developed a stable and more sensitive staining method using the stain amido black. This was carried out by modifying the procedure of Wray and Stubblefield (21) . Prior to staining with this dye, the gels were soaked in 3 M urea for 3 h at 37 C. The gels then were immersed overnight in a 2% (wt/vol) solution of amido black in water. Destaining was carried out on a rotary shaker at 37 C with several changes of 1 M H2SO, containing 3 M urea. Amido black-stained gels were destained in 1 to 2 h. The absorbance profiles were obtained by scanning the gel on a Gilford model 2400S recording spectrophotometer with linear transport VOL. 16, 1975 on December 15, 2017 by guest http://jvi.asm.org/ Downloaded from with a slit (0.20 by 2.36 mm) positioned between the transport and the photomultiplier tube. This slit allows for the center 35% of the gel to be measured, which minimizes the effect of the irregularities which tend to occur on the peripheral regions of the gel.
To determine whether the amount of protein staining was proportional to concentration, several dilutions of bovine serum albumin (Sigma, grade A) were isopycnically centrifuged in a 5 to 20% (wt/vol) sucrose gradient (SW50.1 rotor, 149,000 x g for 20 h). These gradients were photopolymerized, stained with Commassie blue, and scanned as described above. The integrated area of the stained bands plotted as a function of protein concentration was found to be linear.
Virus quantitation by laser beat frequency spectroscopy. Purified virus stock solutions were quantitated by laser beat frequency spectroscopy. We have recently described the theory and application of this method to virus quantitation (14, 15) .
RESULTS
The gradient gel technique was initially applied to preparations of purified virus which were quantitated by laser beat frequency spectroscopy to determine the sensitivity of the system. Figure 1 shows typical absorbance profiles of Coomassie blue-stained gradients gels with purified AMV and MuLV and identically -treated material from nonviremic animals. The dual coordinates on the abscissa indicate the distance from the top of the gel (in centimeters) as well as the corresponding sucrose concentration measured in an independent liquid gradient before polymerization. A sketch of the stained gels is shown at the top. Only the preparations from viremic animals contain the distinct stained band just above the 1.16 density region.
To verify that the integrated absorbance of the viral band is linear with virus concentration and to estimate the sensitivity of the method, we prepared a series of gradient gels with various dilutions of purified virus stocks. Figure  2 shows this integrated absorbance at 600 nm as a function of the particle count. For this particular system, the lower limit of detection for both MuLV and AMV is about 2 x 107 particles per band. This staining method for detection of viral bands is 10 times more sensitive than the scanning of the same gels for absorbance at 260 nm before staining.
The system was then tested on unpurified plasma preparations (centrifuged 650 x g, 10 min to remove cellular debris) from viremic animals. The major problems inherent with such preparations are lower virus concentrations and the presence of serum proteins. Quantitation with the gradient-gels requires that the gradient-gels separate the large amount of lower density protein material from the relatively dilute intact virus particles. With the 0.8-ml gradients, one is generally limited to the application of a maximum of 0.1 ml of sample material. For preparations containing less than 108 particles/ml, this requires a more sensitive staining procedure. By modifying the amido black staining procedure of Wray and Stubblefield (21) so that it was suitable for staining gradient gels, we observed viral bands with applications of unpurified virus-containing plasma preparations. Amido black staining of samples for which the virus concentration was known indicates that this stain is more sensitive than Coomassie blue. This is shown in Fig. 3 where the plot of the absorbance area per particle count is shown for AMV. The lower limit of viral detection is 6 x 106 particles with this amido black procedure.
With this increased sensitivity, we were able to quantitate virus directly from plasma of leukemic chickens. Figure 4 shows data for applications of 5 Al of plasma preparations from normal and leukemic chickens. As we have seen with the purified preparations, sharp absorption profiles are found in the 1.16 density region only in the virus-containing preparations. As expected, a large increase in diffuse staining is seen in the lower density regions near the top of the gel. quired to remove the stain by diffusion in 7% acetic acid, or for example in 12.5% trichloroacetic acid (3), recommends it for such uses.
The use of polymerizable gradient gels for equilibrium centrifugation accomplishes three purposes. First, it enables the separation of virus from nonvirus material on the basis of buoyant density and sedimentation coefficients. Using the tables formulated by McEwen (10) for sedimentation of particles in sucrose gradients, we estimated the minimum centrifugation time (2.5 h) that would be required for a particle in the range of 600S to reach equilibrium. By using this minimum centrifugation time, the virus could be separated from components of similar density but lower sedimentation constant. Second, it enables the concentration of the virus into a narrow band. For example, with the 4-mm diameter gradient gel, the average height of the viral band is 1 mm, and thus the virus is distributed over a volume of 13 Al. Thus, from an initial volume of 100 Al applied to a gradient an eightfold concentration is achieved. Third, the gradient gel (consisting of 7.5% acrylamide) serves as a support matrix to contain the virus in a concentrated band which enables staining and destaining without loss of virus.
The use of a 0.8-ml gradient gel limits applications of material to 0.1 ml; however, larger sample volumes can be added by choosing a narrower range gradient of smaller volume. An alternative is to use a larger volume tube (i. chicken plasma was applied. Gels were stained with an amido black technique modified from that described by Wray and Stubblefield (21) . The peak at 2 cm from the top of the gel containing AMV is caused by 5 x 107 virus particles. The normal plasma (A) and virus-containing plasma (B) gels are shown on the photograph at the right.
with special adapters) for the gradient. However, the 0.8-ml gradient generally is more convenient since it produces a gel (4 by 45 nm) which is ideal for scanning.
The gradient polymerization technique is not limited to sucrose gradients (4, 5) . We also have used unformed and preformed polymerizable CsCl gradients. Sarker and Moore (16) have shown that CsCl gradients can accentuate the difference in buoyant density between B and C forms of virus, and they suggest that CsCl gradients are better than sucrose gradients for purification of either B or C particles. In addition, the density gradient technique enables the recognition of the other forms of a virus that are sometimes found (e.g., viral cores).
The stained gradient gels can serve as a convenient and sensitive first-order screening method for the detection of known or unknown oncornaviruses. The sensitivity of the gradient gel technique described here is within an order of magnitude of the most sensitive form of the reverse transcriptase assay (i.e., that utilizing a synthetic template). For a 1-h reaction using the template poly(rC) -oligo(dG) in a virus optimized reverse transcriptase assay, we have found that it is possible to detect 4 x 104 particles/ml for AMV and 2 x 106 particles/ml for MuLV (15) . Thus, the sensitivity of virus detection with the gradient gel technique can approach that of the reverse transcriptase assay while not being subject to the problems affecting the latter. Preliminary studies indicate that fluorescence stains will increase the sensitivity of the gradient method by at least 100 times over that obtained with absorption stains. 
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